Abstract. Heat stress is demonstrated to have an effect on the function of the male testis, however, limited information has been reported on its effects on sperm maturation. In the present study, a comparative proteomic analysis was performed on the rat caput epididymal fluids responsible for sperm maturation, to identify key heat-stress-associated sperm maturation proteins. The results demonstrated 21 proteins corresponding to 29 differential protein spots, including 10 downregulated and 11 upregulated proteins in the heat treatment group. Functional analysis demonstrated that these proteins were primarily involved in enriched reproduction and antioxidant activity. Analysis of western blot and immunohistochemical analysis demonstrated that the expression of antioxidant proteins peroxiredoxin 6 and clusterin were downregulated, and the expression of superoxide dismutase upregulated, in the heat treatment group. Morphological and TUNEL experiments demonstrated that altered nucleus activity occurred in the caput epididymis. The study provided, to the best of our knowledge, novel information for studies on the biological functions of the epididymis and sperm maturation.
Introduction
Heat stress may affect male reproductive functions. The mammalian scrotal temperature is 2-8˚C lower than the core body temperature (1) , and higher temperatures may eliminate the spermatogonial germ cells in the seminiferous tubules, resulting in decreased sperm density (2, 3) .
This may further induce testicular tissue apoptosis and morphological changes affecting sperm production processes, resulting in infertility (4) (5) (6) . In addition, increased scrotal temperatures resulting from occupational exposure, lifestyle or cryptorchidism are notable factors leading to male infertility (7) . Limited research has been conducted on the epididymis (8) . Spermatozoa are produced in the testis and acquire the maturation ability in the epididymis, particularly in the caput epididymis, by interacting with the epididymal fluids (9, 10) . Although numerous studies have investigated the effect of heat stress of the testis on spermatogenesis (11) (12) (13) , the association of heat stress and sperm maturation has yet to be elucidated.
In the present study, a short heat stress was performed on the rat epididymis to identify the affected sperm maturation proteins. The epididymal fluid proteins identified may provide useful information for the understanding of sperm maturation, and provide clues for the screening of male contraceptive agents.
Materials and methods
Sample preparation. Male Sprague-Dawley rats (n=16; weight, 300-400 g; age, 8-10 weeks) were provided by the Experimental Animal Center of Binzhou Medical College (Shandong, China). They were housed at 20±2˚C with ad libitum access to food and water and a 12 h light/dark cycle. Rats were randomly divided into two groups and acclimatized to the experimental conditions for one week prior to commencement of the experiments as follows: The normal control group, rats were in the water bath for 60 min once prior to the experiment at room temperature; the heat treatment group, rats received heat shock pretreatment in a water bath once prior to the experiment at 42˚C for 60 min. The animals were then sacrificed by intraperitoneal injection with ketamine (2.4 ml.kg; Fujian Gutian Yuanhang Medical Company, Ningde, China). The study was approved by the ethics committee of Yu Huang Ding Hospital (Yantai, China).
Protein extraction. Rat caput epididymides were collected for fluid protein extraction. Briefly, the epididymides were coarsely minced and gentle pressure was applied Matrix Science Ltd., London, UK). Providing that the protein score was >60 and the matched peptides ≥4 in the peptide mass fingerprinting search, the protein was confirmed as a successful identification. In the case that one gel spot corresponded to >1 protein, then the protein with the highest score was selected.
Bioinformatics. Proteins were distinguished functionally by a step-by-step classification and each protein was placed in only one category. Broad functions were classified according to the annotations in the PIR database (pir.georgetown.edu) and gene ontology (GO) annotations (www.geneontology.org), including molecular function and biological process.
Immunohistochemical analysis. The rat caput epididymides were fixed in Bouin's solution (Sigma-Aldrich) for 10 h at room temperature, and embedded with paraffin (Yantai Sanhe Chemical Reagent Company). For antigen retrieval, the 4-µm thick sections were cut and heated in a microwave oven for 15 min. To eliminate the endogenous peroxidases, 3% (v/v) H 2 O 2 was used to incubate the sections for 10 min. Subsequent to antigen retrieval, blocking was conducted with 3% bovine serum albumin for 30 min at 37˚C. Then, the samples were incubated with the following antibodies (dilution, 1:50) overnight at 4˚C: Polyclonal anti-rabbit clusterin (sc-8354), peroxiredoxin 6 (sc-134478) and superoxide dismutase-1 (sc-11407) (all purchased from Santa Cruz Biotechnology, Statistical analysis. The unpaired t-test was used to assess the differences among groups, using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). Data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results

Morphological characteristics of rat caput epididymis treated by short-term heat treatment.
As demonstrated in Fig. 1 , HE staining of rat caput epididymis indicated no significant changes in cellular morphologies or lumen dimensions in the caput epididymides of the heat treatment group compared with the normal control group. However, nuclei cavitations were observed in the rat caput epididymis of the heat treatment group ( Fig. 1; HE staining) . Further cellular localizations of clusterin (Clu), peroxiredoxin 6 (Prdx6) and superoxide dismutase (Sod1) were investigated by immunohistochemistry. The results demonstrated that Sod1, Prdx6 and Clu were mainly expressed by epididymal epithelial cells (Fig. 1) . Following heat treatment, Prdx6 and Clu demonstrated decreased levels of expression, and Sod1 indicated increased levels compared with the normal control group (Fig. 1) .
Identification of differentially expressed proteins in rat caput
epididymis with short-term heat stress. 2-DE followed by mass identification was performed to identify differentially expressed proteins. Triple gels were repeatedly made and statistically compared by Imagemaster software. A total of 29 protein spots demonstrated different density levels between the heat treated and normal control groups (fold change, >1.5). From the total number of spots, 21 unique proteins were identified, including 11 proteins upregulated and 10 proteins downregulated in the treatment group ( Fig. 2 ; Table I ).
Broad functional analysis. All differentially expressed proteins were broadly classified into seven functional groups according to GO and literature annotations (Table I) . These proteins were mainly involved in functions of structure (23.8%), reproduction (19%), antioxidants (19%), metabolism, chaperones, proteases/inhibitors and transporters (Table I) .
Western blot analysis. Antioxidant-associated (Sod1 and Prdx6) and a reproduction-associated protein (Clu) were selected for validation of their expression using western blotting. As demonstrated in Fig. 3 , the heat treatment group exhibited significantly lower expression levels of Prdx6 and Clu compared with the normal control group (P<0.05; Fig. 3 ). In addition, higher expression levels of Sod1 were observed in the heat-treated group compared with the normal control group (P<0.05; Fig. 3) . The results were consistent with the proteomic analysis.
TUNEL assay. TUNEL assay was performed to determine the effect of heat stress on the apoptotic status. Positive stained cells in the heat-treated epididymis (68±5.2%) was significantly higher than that in the control group (16±4.2%). As demonstrated in Fig. 4 , positive staining results were observed in epididymal epithelial cells from the heat-treated rats.
Discussion
Increased temperature has an effect on the male reproductive ability by declining male fertility (14) . Heat stress may have a negative effect on male fertility through oxidant damage by producing ROS and further changing the intracellular signal transduction (15) . This effect may induce germ cell loss and poor semen quality, however, its effect on sperm maturation, particularly on the sperm maturation milieu, is not clear (16, 17) . In the present study, a short-term heat stress was performed on rats by exposure to high environmental temperature (42˚C) for 1 h, followed by identification of altered key sperm milieu proteins by comparing a proteomic analysis of caput epididymal fluids. To the best of our knowledge, this is the first study attempting to identify sperm milieu proteins affected by short-term heat stress, and may provide information for further understanding of sperm maturation.
Caput epididymal fluids provide a microenvironment for sperm maturation for active epithelial secretion and absorption activity (18) . This microenvironment serves as the first step for the sperm to obtain its maturation ability. The present study hypothesized that heat stress may affect caput epididymal epithelial protein expression patterns, further altering caput epididymal fluid proteins that are mainly associated with sperm maturation.
The present study may provide understanding for heat-stress-induced reproductive dysfunction in males. The morphological analysis of the present study demonstrated no significant differences between the treated and normal control groups of rat caput epididymides. This implies that short-term heat stress may not affect epithelial structures. To further explore the effect on the main activities of caput epididymis on protein synthesis and secretion, a comparative proteomic study was performed to identify differentially expressed fluid proteins. A total of 29 proteins were identified to have varying expression levels between the treated and normal control groups. A broad functional classification categorized these proteins into seven functional groups, and the majority were associated with antioxidant and reproductive functions.
Antioxidant enzymes in the epididymal lumen protect spermatozoa from oxidative damage. Optimal antioxidant levels serve crucial roles in sperm function (particularly sperm motility) (19) . The results of the present study demonstrated that Prdx6 and Glul, two proteins with protective roles in sperm, had lower expression levels in the epididymal fluids following heat stress, suggesting that an altered protection balance may occur in epididymal fluids induced by heat stress. Another two ROS-associated proteins, Sod1 and Txn, presented with upregulated expression levels, potentially implicating an epididymis response partly compensating for spermatozoa oxidative damage following heat stress. These proteins were associated with certain aspects of sperm maturation (20) , and the association of their function with heat stress was further investigated. Another promising function group was the reproduction-associated proteins. These proteins were established sperm proteins, such as Clu, a heterodimeric glycoprotein produced by a variety of tissues and present in numerous biological fluids (21) . In addition, Clu is a major component of epididymal fluids, and mainly secreted in the caput epididymis. Previous studies have demonstrated that Clu is involved in cell adhesion, apoptosis and transformation functions, and sperm maturation (18, 22, 23) . In the present study, Clu levels were observed to be significantly lower following heat stress, suggesting that heat stress may have a direct effect on the epididymal fluid component, and directly or indirectly alter sperm maturation. The above proteins should be further validated and investigated to identify their regulation and roles in sperm maturation.
In the present study, western blot analysis validated the expression levels of proteins in epididymal fluids, and immunohistochemical analysis identified the expression of proteins in the epididymal epithelia. The results indicated the same altered expression in epididymal epithelia and fluids, suggesting that heat stress induced protein expression changes in epididymal fluids.
In conclusion, by utilizing heat stress exposure on rat epididymis, a set of differentially expressed caput epididymal f luid proteins were identified, whose activities were associated with sperm maturation. The results of the present study, in combination with data from our previous work, will be used as the basis for future studies on biological functions of the epididymis and sperm maturation. 
